In airway epithelia, non-neuronal cholinergic regulations have been described; however, the route for acetylcholine (ACh) release has not been verified. To investigate whether organic cation transporters (OCTs) serve this function, we studied the expression of OCTs in airway epithelia and their capability to translocate ACh. Using immunohistochemistry in rats and humans, OCT1, OCT2, and OCT3 were localized to the luminal membrane of ciliated epithelial cells. In humans, OCT2 showed the strongest expression in the luminal membrane. We expressed the OCT isoforms in oocytes of Xenopus laevis and measured uptake and efflux of ACh. Tracer flux measurements showed that ACh is transported by OCT1 and OCT2 but not by OCT3. Two-electrode-voltage-clamp measurements revealed that OCT2 mediates electrogenic uptake and efflux of ACh. For ACh uptake by human OCT2, a K M value of ‫ف‬ 0.15 mM was determined. At Ϫ50 mV, ACh efflux by human OCT2 was trans-inhibited by micromolar concentrations of the inhalational glucocorticoid budesonide, which is used in treatment of asthma (K i ‫ف‬ 2.7 M). The data show that OCT1 and OCT2 mediate luminal ACh release in human airways and suggest that ACh release is blocked after inhalation of budesonide.
Acetylcholine (ACh) is mainly recognized as neurotransmitter of central and peripheral neurons. Phylogenetically, however, ACh signaling evolved long before the nervous system and is involved in the regulation of basic cell functions. Besides neurons, ACh and the ACh-synthesizing enzyme choline acetyltransferase (ChAT) are found in a variety of non-neuronal mammalian cells such as epithelial cells, endothelial cells, and leukocytes (1, 2) . In epithelia of the alimentary tract, airway, and skin, ACh acts as an auto-or paracrine regulator of proliferation, differentiation, and maintenance of cell-cell contacts (2) . In the respiratory epithelium, ACh also increases ciliary beat frequency (3) . In addition, ACh has also been identified as an autocrine growth factor for small lung cell carcinoma (4) .
In contrast to the advanced understanding of ACh storage in synaptic vesicles and its release from nerve terminals, it is not understood how ACh is released from various non-neuronal cells. In both nerve terminals and non-neuronal cells, ACh is synthesized by ChAT from acetyl-CoA and choline. AcetylCoA is supplied by metabolism, and choline is taken up from (Received in original form November 19, 2004 and in final form March 15, 2005) Supported by the Deutsche Forschungsgemeinschaft (Grant Li 1051/1-1 to K.S.L. and Grant SFB 487/A4 to H.K.). extracellular space by the high-affinity choline transporter CHT1 (5, 6) . In nerve terminals, ACh is translocated into synaptic vesicles by the vesicular acetylcholine transporter (VAChT) to await exocytotic release, which is triggered by depolarization and subsequent calcium influx via voltage-gated calcium channels. In contrast, the release of ACh from non-neuronal cells is poorly understood. Some non-neuronal cells such as human mononuclear leukocytes and leukemic T cell lines that synthesize ACh and express ChAT, do not express VAChT (7, 8) . Moreover, functional evidence for vesicular storage and exocytotic release of ACh from non-neuronal cells is missing (9) . Therefore, alternative mechanisms for the cellular release of ACh have been proposed. Recently, Wessler and coworkers showed that the release of ACh from human placental villi was inhibited by inhibitors of polyspecific organic cation transporters (OCTs) and suggested that OCTs may be involved in the release of ACh from the placenta and other non-neuronal tissues (10) .
To test this hypothesis we investigated whether the three subtypes OCT1-3 (also known as SLC22A1-3 ) are capable of transporting ACh, and more specifically, whether they are able to mediate efflux of ACh from cells. Focusing on airway epithelia, we investigated whether the membrane localization of AChtransporting OCTs is consistent with their proposed role for ACh release. The obtained data suggest that the luminal release of ACh from ciliated epithelial cells in human airways is mainly mediated by OCT2, and that glucocorticoids inhaled during the treatment of asthma can inhibit this function.
MATERIALS AND METHODS

Expression of OCTs in Oocytes of X. laevis
For injection into Xenopus oocytes, m7G(5Ј)ppp(5Ј)G-capped cRNAs were prepared from the cDNAs of OCT1-3 from rat (rOCT1 [11] , rOCT2 [12] , rOCT3 [13] ) and human (hOCT1 [14] , hOCT2 [14] , hOCT3, also called EMT [15] ) using the "mMESSAGE mMACHINE" kit (Ambion, Austin, TX). The restriction enzymes used for linearization of the different cDNA vectors and the RNA polymerases used for transcription were described earlier (12) (13) (14) (15) . Stage V-VI oocytes were defolliculated with collagenase A and stored for several hours in Ori buffer (5 mM 3-(N-morpholino)propanesulfonic acid-NaOH, pH 7.4, 100 mM NaCl, 3 mM KCl, 2 mM CaCl 2, and 1 mM MgCl 2 ) containing 50 mg/liter gentamicin. For expression, the oocytes were injected with 50 nl H 2 O/oocyte containing 10 ng of the respective cRNA and incubated for 3-5 d at 16 ЊC in Ori buffer containing 50 mg/liter gentamicin.
Transport Measurements in Oocytes with Radioactive Substrates
For tracer uptake measurements, oocytes were incubated at 19 ЊC for 30 min in Ori buffer containing [ 3 H]1-methyl-4-phenylpyridinium (MPP), [ 14 C]tetraethylammonium (TEA), or [ 3 H]acetylcholine (ACh) in the absence or presence of inhibitors. The reaction was stopped with ice-cold Ori buffer containing 100 M quinine, and oocytes were washed with the same solution. Oocytes were solubilized with 5% (wt/vol) SDS and analyzed for radioactivity. For efflux measurements, oocytes expressing OCTs or noninjected control oocytes were injected at room temperature with 2.5 or 0.25 pmoles of [ 3 H]ACh and directly added to ice-cold Ori buffer. After three times washing with ice-cold Ori buffer, efflux was started by transferring the oocytes to warm Ori buffer (0.2 ml, 19 ЊC). After 1 min incubation, the radioactivity released into the medium and radioactivity remaining in the oocytes were measured.
Electrophysiologic Measurements in Oocytes
Current measurements were performed using the two-electrode voltageclamp method as described (12, 16 
Expression of OCTs in Mammalian Epithelial Cells
Generation of a human embryonic kidney (HEK) 293 cell line expressing hOCT2 has been reported (17) . HEK 293 cells expressing rOCT1, rOCT2, rOCT3, and hOCT1 were generated in the same way. Cloning of rOCT1, rOCT2, and hOCT1 has been described (11, 12, 14) and rOCT3 and hOCT3 were kindly provided by Dr. V. Ganapathy (13, 18) . The transporters were subcloned into pcDNA3.1(ϩ) (Invitrogen GmbH, Karlsruhe, Germany) using either KpnI/XbaI or HindIII/EcoRI restriction sites. hOCT1, hOCT2, and hOCT3 were stably expressed in the Chinese hamster ovary (CHO) cell line CHO-K1 obtained from the American Tissue Culture Collection (ATCC, Manassas, VA). The plasmids were transfected into CHO-K1 cells by incubation with 12 l Fugene 6 transfection reagent (Roche, Mannheim, Germany) and 4 g of DNA in 400 l Optimem buffer (Invitrogen GmbH). Stable transfectants were selected with geneticin G418 (Roche) (17) followed by subcloning. HEK 293 cells were grown in Dulbecco's modified Eagle's medium (F0415; Biochrom, Berlin, Germany) supplemented with 44 mM NaHCO 3 , 5.5 mM D-glucose and 2 mM L-glutamine. CHO-K1 cells were grown in Iscove medium (F0465; Biochrom) supplemented with 36 mM NaHCO 3 and 2 mM glutamine. Both media were gassed with 8% CO 2 and contained 100,000 U/liter penicillin, 100 mg/liter streptomycin, and 0.8 mg/ml G418. Cells were grown to confluence and washed with phosphate-buffered saline (PBS). To prepare the cells for cryosectioning, cells were suspended in PBS, added to a 1.5-ml Eppendorf vial, and centrifuged for 3 min at 8,000 ϫ g. The supernatant was removed and the vial was frozen in liquid nitrogen. The frozen pellet was glued to the sample holder of the cryostat and 10-m-thick cryosections were made. For transport measurements, confluent cells were washed with PBS, suspended by shaking, collected by 10 min centrifugation at 1,000 ϫ g, and suspended at 37 ЊC in PBS. The cells were incubated for 1 s in PBS
without inhibitor or with 100 M quinine. Uptake was stopped by addition of ice-cold PBS containing 100 M quinine (stop solution), and the cells were washed three times with ice-cold stop solution. To measure uptake at 0 s incubation, ice-cold stop solution was added to the cells first, and radioactive substrates were added thereafter. Uptake rates were calculated from quadruplicate measurements after 0 s incubation and 1 s incubation. They were measured in the absence of quinine or after 10 min preincubation with (and presence of) 100 M quinine. Quinine inhibited uptake rates were calculated.
Antibodies
For the immunolocalization of rat OCTs, we used previously described affinity-purified antibodies against peptides of rOCT1 and of rOCT2 (19) and affinitiy-purified antibodies against rOCT1, rOCT2, and rOCT3 from Alpha Diagnostic (San Antonio, TX). The antibodies from Alpha Diagnostic were raised against a 21-amino acid sequence near the C-terminus of rOCT1 which has 66% amino acid identity to hOCT1 (anti-rOCT1-Ab), against a 21-amino acid sequence in the large intracellular loop of rOCT2 (anti-rOCT2-Ab), and an 18-amino acid sequence in the large intracellular loop of rOCT3 (anti-rOCT3-Ab). In rat airways, identical results were obtained with the antibodies against rOCT1 and rOCT2 from Alpha Diagnostic as with our own previously described antibodies against rOCT1 and rOCT2 (19) . For the immunolocalization of human OCT1, we used the antibody against rOCT1 from Alpha Diagnostic (anti-rOCT1-Ab), which cross-reacts with the human ortholog. For immunolocalization of hOCT2 and hOCT3, antibodies against subtype-specific peptides were raised in rabbits and affinitypurified on the respective antigenic peptides. The antibody against hOCT2 (anti-hOCT2-Ab) was raised against amino acids 533-547 (CQRPRKNKEKMIYLQV) of hOCT2 (14) (Eurogentec, Seraing, Belgium). This sequence is not present in the recently described splice variant hOCT2-A (20) . The antibody against hOCT3 also called EMT (anti-hOCT3-Ab) was raised against amino acids 297-313 (TRKKGDKALQILRRIAK) of hOCT3 (15) . In Western blots on crude plasma membranes of human kidney and human placenta, antihOCT2-Ab and anti-hOCT3-Ab reacted specifically with ‫ف‬ 80-kD polypeptides. Goat antibody against the vesicular ACh transporter (anti-VAChT-Ab) was obtained from Biotrend (Kö ln, Germany), and the monoclonal (mouse) antibody against villin (anti-villin-Ab, clone ID2C3) from Immunotech (Marseille, France). As secondary antibodies, Cy3-coupled donkey anti-rabbit Ig from Chemicon (Hofheim, Germany), fluorescein-isothiocyanate (FITC)-conjugated donkey anti-rabbit Ig from Dianova (Hamburg, Germany), FITC-conjugated donkey anti-mouse IgG from Dianova, and FITC-conjugated mouse anti-goat-IgG from Sigma (Deisenhofen, Germany) were used.
Immunofluorescence
Ten-micrometer-thick cryosections were prepared from pellets of HEK 293 or CHO-K1 cells, from rat trachea and lung (n ϭ 5), or from unaffected segments of human bronchi that had been surgically removed due to lung cancer (n ϭ 5). The pellets were frozen in liquid nitrogen and the tissues in melting 2-methylbutane. Cryosections were fixed with acetone at Ϫ20 ЊC and incubated for 1 h at room temperature in PBS containing 50% normal porcine serum (pH 7.4). Sections were incubated for 12-16 h at room temperature with affinity-purified primary antibodies diluted in PBS (anti-rOCT1-Ab, 1:20; anti-rOCT2-Ab, 1:400; anti-rOCT3-Ab, 1:200; anti-hOCT2-Ab, 1:100; anti-hOCT3-Ab, 1:500; anti-VAChT-Ab, 1:800; and anti-villin-Ab, 1:100). After washing in PBS, the sections were incubated for 1 h at room temperature with PBS-diluted secondary antibodies (Cy3-coupled donkey anti-rabbit-Ig, 1:2,000; FITC-coupled donkey anti-rabbit-Ig, 1:100; FITC-conjugated mouse anti-goat-IgG, 1: 800; and FITC-conjugated donkey anti-mouse IgG, 1:200). Sections were rinsed with PBS, coverslipped with carbonatebuffered glycerol (pH 8.6) and evaluated by epifluorescence microscopy or with a confocal laser scanning microscope (TCSSP2; Leica, Mannheim, Germany). Negative controls were done by (1 ) omission of first antibody, (2 ) pre-absorption of the primary antibodies with 10-200 g/ml of their respective antigenic peptides, and (3 ) immunoreaction with cells lines expressing OCT subtypes as described in Results.
RT-PCR
Total RNA was isolated from kidneys and abraded tracheal epithelium of adult Wistar rats (n ϭ 5; Harlan Winkelmann, Borchem, Germany) as well as from human tracheal and bronchial epithelium using the RNeasy kit (Qiagen, Hilden, Germany). The human epithelia were obtained at autopsy from subjects that showed no evidence of lung disease. DNA was digested by DNase I, and 5 g RNA was reversely transcribed in 20 l reaction mix by 50 min incubation at 42 ЊC with Superscript RNaseH -reverse transcriptase (Invitrogen GmbH). The reverse transcriptase was inactivated by heating to 75 ЊC for 15 min. The cDNAs were amplified with the gene-specific primer pairs covering at least one intron (Table 1 ). For amplification, 2.5 l buffer II (100 mM Tris-HCl, 500 mM KCl, pH 8. 45 s at 55-60 ЊC, 45 s at 72 ЊC, and a final extension at 72 ЊC for 7 min. The PCR products were separated by electrophoresis on a 1.2% agarose gel in TRIS-acetate-EDTA buffer. Sequencing of PCR products was done by MWG Biotech (Ebersbach, Germany). Negative controls were performed by (1 ) omitting the DNA template or (2 ) omitting the reverse transcription step. Figure 2B ). One-way ANOVA followed by Tukey comparison was used to evaluate differences between various groups. The unpaired Student's t test was used to test differences of two mean values for statistical significance (GraphPad 4.0, GraphPad Software Inc., San Diego, CA). . Nicotine, budesonide, and beclomethasone diproprionate were purchased from Sigma. Fluticasone was kindly provided by GlaxoSmithKline (Mü nchen, Germany). All other chemicals were obtained as described earlier (6, 12, 16) .
Calculations and Statistics
Materials
RESULTS
Transport of ACh by OCT1 and OCT2 from Rat and Human
The three OCT subtypes from rat and human were expressed in Xenopus oocytes. Uptake of 0.2 M [ Figure 1A ). Similar uptake rates of 0.2 M MPP were expressed by OCT1-3 from rat and human. Significant uptake of 5 M ACh was also observed with OCT1 and OCT2 from rat and human, but not with OCT3 from rat or human ( Figure 1A ). In three independent experiments with OCT3 from rat and human, the uptake rates of 5 M ACh (in pmol ϫ oocyte -1 ϫ 30 min To test whether the human OCT transporters are capable of mediating cellular release of ACh, we injected 2.5 pmol was ‫ف‬ 0.5 M. This concentration ranges between the ACh concentrations measured in ciliated epithelia cells of rat and human airways (22) . Also under these conditions significantly higher ACh efflux was observed in oocytes expressing hOCT1 or hOCT2 compared with noninjected oocytes. Taken together, the data in Figure 1 show that hOCT1 as well as hOCT2 can translocate ACh in either direction. In contrast, hOCT3 does not exhibit ACh transport in either direction that could be detected in our assay systems.
To determine the affinity of ACh to the OCTs, we measured uptake of 0.
Induction of Membrane Currents in Oocytes Expressing OCT2 by Intracellular versus Extracellular ACh
We expressed OCT2 from rat and human in Xenopus oocytes, clamped the oocytes to Ϫ50 mV, and investigated the currents induced by superfusion with 5 mM ACh and by injection of 2.5 nmol of ACh. Assuming an even intracellular distribution of injected ACh in an accessible volume of 0.5 l, this amount of injected ACh would increase the intracellular ACh concentration to ‫ف‬ 5 mM. In oocytes expressing rOCT2 or hOCT2, extracellular ACh induced inward currents, and intracellular ACh induced outward currents (Figure 2A ). Current amplitudes measured at a clamped membrane potential of Ϫ50 mV were comparable for inward versus outward currents. In noninjected control oocytes, neither intracellular nor extracellular ACh induced any currents (data not shown). ACh-induced inward and outward currents were dependent on the membrane potential, as has been previously described for other substrates (16, 17, 21) . For example, when an outwardly directed gradient of ‫ف‬ 5 mM versus 0 mM ACh was applied to one hOCT2 expressing oocyte, currents of 43 nA, 56 nA, and 90 nA were induced at Ϫ100 mV, Ϫ50 mV, and 0 mV, respectively. As described previously for other substrates, the currents observed with rOCT2 were higher as compared with hOCT2 (12, 17) . For currents induced by extracellular ACh in oocytes expressing rat or human OCT2 at Ϫ50 mV, half-maximal activations were observed at ACh concentrations of 175 Ϯ 43 M (rOCT2) and 117 Ϯ 13 M (hOCT2) ( Figure 2B) . These values were not significantly different from the respective IC 50 values obtained for inhibition of MPP uptake by ACh (see above).
Expression and Localization of OCTs in Tracheal and Bronchial Epithelium of Rat and Human
The functional studies showed that cellular release of ACh can be mediated via OCT1 and OCT2. To explore the basis of a putative participation of OCTs in non-neuronal cholinergic signaling by airway epithelial cells (9), we investigated the expression and membrane localization of OCTs in epithelial cells of the trachea and bronchi of rat and human. We performed RT-PCR on bronchial epithelial cells with subtype-specific primers and immunofluorescence labeling of trachea and bronchi using subtype specific antibodies. The antibodies were tested for subtype specific immunohistochemical staining in Figure 3 , using Immunofluorescence of cells expressing OCT1-3 from human using one affinity-purified antibody raised against a peptide of rOCT1 that cross-reacts with hOCT1 (anti-rOCT1-Ab) and two affinity-purified antibodies raised against peptides of hOCT2 (anti-hOCT2-Ab) and hOCT3 (anti-hOCT3-Ab).
cryosectioned cell pellets from cell lines expressing the different transporters and control cell lines transfected with the expression vectors. For immunostaining of rat tissues, we used antibodies that were raised against peptides of the three OCT subtypes from rat (anti-rOCT1-Ab, anti-rOCT2-Ab, anti-rOCT3-Ab). These antibodies only stained the respective OCT subtype and showed no reaction with HEK-293 cells expressing the empty expression vector ( Figure 3A) . For immunostaining of OCT1 in human tissue we used anti-rOCT1-Ab. This antibody was raised against a peptide of rOCT1 and cross-reacts with hOCT1 but not with hOCT2 or hOCT3 ( Figure 3B ). OCT2 and OCT3 in human tissue were stained with antibodies raised against peptides of the human subtypes (anti-hOCT2-Ab, anti-hOCT3-Ab). Similarly, these antibodies showed subtype-specific immunostaining and did not react with vector-transfected control cell lines.
In abradates from rat tracheal epithelium, transcripts coding for rOCT1, rOCT2, and rOCT3 were detected by RT-PCR (Figure 4A) . No amplification was observed when the reverse transcription was omitted (not shown). The correspondence of amplified cDNA fragments with the particular OCT subtypes was verified by cDNA sequencing. In epithelia of trachea and bronchi from rat, the apical membrane of ciliated cells was stained by anti-rOCT1-Ab, anti-rOCT2-Ab, and anti-rOCT3-Ab (Figures 4B-4F) . In some sections staining of the cilia could be resolved ( Figures 4B, 4D, and 4E) . Identical results were ob- tained with trachea versus bronchi. Immunolabeling could be blocked by preincubation with the respective antigenic peptide (inserts in Figures 4B-4D ). rOCT1 and rOCT2 protein were not detected in other epithelial cell types of the airways, whereas rOCT3 was also present in villin-positive brush cells ( Figures  4E and 4EЈ ) and in basal cells ( Figure 4F ). In rat, basal cells only occur in circumscribed regions of the rat lower airways such as the tracheal carina shown in Figure 4F . In brush cells, rOCT3 is localized only in the luminal membrane, whereas in nonpolarized basal cells rOCT3 is expressed allover the plasma membrane (arrowheads in Figure 4F ).
To determine whether rat tracheal epithelial cells that express OCTs in the luminal membrane contain cholinergic vesicles that provide another route for luminal release of ACh, we performed immunostaining with an antibody against the vesicular ACh transporter VAChT. VAChT immunoreactivity was observed as expected in cholinergic nerve terminals that innervate primarily the tracheal and bronchial smooth muscle and glands (not shown). In addition, we observed VAChT immunoreactivity in goblet cells of the tracheal epithelium but not in cilated epithelial cells ( Figure 4G ). The expression of VAChT in (goblet cells of) rat tracheal epithelium was confirmed by RT-PCR on abraded tracheal epithelial cells ( Figure 4H ).
RT-PCR on abraded epithelial cells from human trachea and human bronchi showed the presence of transcripts of OCT1, OCT2, and OCT3 ( Figure 5A ). No amplification of products was observed without reverse transcription of the mRNAs (data not shown). By immunofluorescence of human bronchi using anti-rOCT1-Ab that cross-reacts with hOCT1, intracellular staining of ciliated epithelial cells was observed ( Figure 5B ). In addition, there was labeling for hOCT1 in the luminal membrane of ciliated epithelial cells (see arrows in Figure 5B ). OCT2 was mainly detected in the apical membrane of ciliated cells ( Figure  5C ), and, less intensely, at the plasma membrane of basal cells. Staining of human bronchi for OCT3 revealed weak immunoreactivity of the apical membrane of ciliated cells (arrows in Figure  5D ). In contrast, the entire plasma membrane of basal cells and the basolateral membrane of intermediate cells were stained more intensely ( Figure 5D ).
Inhibition of hOCT2 by Corticosterone and Nicotine
The above findings suggested that OCT2 is important for the luminal release of ACh from ciliated cells in human bronchi. This opened the possibility that nicotine or glucocorticosteroids interfere with cholinergic regulations by inhibiting the hOCT2-dependent release of ACh. The inhibition of hOCT2 may impede bronchociliary clearance and the regeneration of bronchial epithelial cells (2, 3, 9) . We therefore measured the effect of various concentrations of corticosterone or nicotine on the uptake of 1 M [ 14 C]TEA. For these measurements, the oocytes were preincubated for 10 min with the inhibitors, followed by uptake of [ In oocytes expressing rOCT2, we recently observed a 30-fold lower affinity for the cis-inhibition by corticosterone of cation uptake compared with the trans-inhibition by corticosterone of cation efflux (16) . This difference was explained by assuming an additional conformational state of the empty transporter that exhibits a high affinity for corticosterone. To determine whether the affinities for the inhibition of hOCT2 mediated ACh efflux by corticosterone and nicotine are higher than the affinities observed for the inhibition of uptake, we measured ACh-induced outward currents in Xenopus oocytes expressing hOCT2 at Ϫ50 mV in the presence of various concentrations of corticosterone ( Figure 6 ) or nicotine (data not shown) in the superfusate. For the inhibition of ACh efflux by corticosterone, an IC 50 value of 2.1 Ϯ 0.5 M (mean Ϯ SD, n ϭ 6) was obtained. This value is 22 times lower than the value measured for the inhibition of cation uptake by hOCT2 (see above). At variance, nicotine inhibited ACh efflux with an IC 50 value of 40 Ϯ 5 M (mean Ϯ SD, n ϭ 6). This value is not significantly different from the IC 50 value of 42 M determined for inhibition of TEA uptake (see above). Whereas the nicotine concentrations in bronchial epithelia achieved by smoking are probably not high enough to inhibit hOCT2 (24) , the relatively high affinity of corticosterone for the inhibition of ACh efflux by hOCT2 pointed to the possibility that therapeutic doses of inhaled glucocorticoids can inhibit hOCT2-mediated ACh release.
Inhibition of hOCT1 and hOCT2 by Inhalational Glucocorticoids
We investigated whether uptake of 1 M [ was obtained by 10 M beclomethasone, 10 M budesonide, or 100 M fluticasone; however, TEA uptake was inhibited to 90% by 100 M beclomethasone and almost completely by 100 M budesonide. TEA uptake expressed by hOCT2 was more sensitive. A 96% inhibition of hOCT2 was observed with 10 M beclomethasone, whereas 60% inhibition was obtained with 10 M budesonide. Fluticasone interacts also with hOCT2 but has a lower affinity compared with beclomethasone and budesonide. With 100 M fluticasone, TEA uptake by hOCT2 was inhibited ‫ف‬ 50%. Measuring the inhibition of hOCT2-mediated TEA (1 M) uptake by various concentrations of beclomethasone or budesonide, we determined an IC 50 of 4.4 Ϯ 0.4 M for beclomethasone and an IC 50 of 7.3 Ϯ 0.6 M for budesonide.
Since some compounds including corticosterone inhibit cation transport by OCT2 with different affinities for uptake versus efflux (see above) it was important to determine the affinity of the inhalational glucocorticoids for inhibition of ACh efflux by hOCT2. In Figures 7B and 7C , we measured trans-inhibition of ACh induced outward currents by various concentrations of beclomethasone and budesonide. In these experiments an outwardly directed gradient of ‫5ف‬ mM ACh versus 0 mM ACh was applied and the oocytes were clamped to Ϫ50 mV. Only ‫ف‬ 40% trans-inhibition was obtained with 30 M beclomethasone ( Figure 7B ), whereas ACh-induced outward currents by hOCT2 were ‫ف‬ 90% trans-inhibited with 20 M budesonide ( Figure 7C ). For trans-inhibition with budesonide, an IC 50 of 2.7 Ϯ 0.4 M (mean Ϯ SD, n ϭ 7, oocytes from three batches) was determined. In hOCT2-expressing oocytes, we did not observe significant transinhibition of ACh induced outward currents (outwardly directed ACh gradient of ‫ف‬ 5 mM versus 0 mM ACh, Ϫ50 mV) when 100 M fluticasone was added to the superfusate (data not shown). The data indicated that beclomethasone and fluticasone inhibit ACh efflux by hOCT2 with a lower affinity compared with cation uptake. At variance budesonide behaves similar to corticosterone; it inhibits ACh efflux by hOCT2 with a higher affinity compared with cation uptake. 
DISCUSSION
This work shows that OCT1 and OCT2 are able to mediate cellular release of ACh, whereas OCT3 does not transport ACh.
In the airways, all three OCT subtypes were observed in the luminal membrane of ciliated epithelial cells. Because ciliary epithelial cells are sites of important autocrine and paracrine non-neuronal cholinergic regulations but do not contain storage vesicles for ACh (9) and we could not detect the vesicular acetylcholine transporter (VAChT) in rat ciliary epithelial cells, our data support the hypothesis of Wessler and coworkers, saying that OCT-type transporters are responsible for non-neuronal ACh release (10) . These authors observed that the release of ACh from isolated villi of human placenta was inhibited by inhibitors of OCTs. They suggested that OCT1 and OCT3 are responsible for ACh release from the placenta. Because our data show that ACh is not a substrate of OCT3, only OCT1 may mediate the release of ACh from placenta. For luminal release of ACh in the airways, both OCT1 and OCT2 are supposed to be important. We also report that efflux of ACh by OCT2 from human is trans-inhibited by micromolar concentration of the inhalational glucocorticosteroid budesonide used for the treatment of asthma.
The three OCT transporter subtypes are expressed in epithelia of various tissues and in neurons, and are capable of translocating a variety of endogenous and exogenous compounds in both directions (21) . They have a broadly overlapping substrate specificity but exhibit distinct differences in affinity for some compounds. There is convincing evidence that these transporters are critically involved in the hepatic and renal excretion of cationic drugs. In contrast, the role of OCT transporters in handling endogenous compounds is understood only poorly. OCT1 and OCT2 are supposed to mediate the first step in the hepatic and renal excretion of cationic drugs because rOCT1, rOCT2, and hOCT2 were located to the basolateral membrane of renal proximal tubules and rOCT1 was detected in the sinusoidal membrane of hepatocytes, and because targeted disruption of OCT1 and/or OCT2 in mice reduced hepatic and renal excretion of some organic cations (reviewed in Ref. 21) .
The presence of rOCT1, hOCT2, mouse OCT3 (mOCT3), and rOCT3 in neurons and the capability of the OCTs to transport monoamine neurotransmitters (reviewed in Ref. 21) suggested that OCTs play a role in the termination and/or modulation of synaptic transmission. The importance of OCT3 for CNS function was recently emphasized (25) . Vialou and coworkers showed that mOCT3 is expressed in neurons of the area postrema that is involved in the regulation of salt and water ingestion, and that the salt and water uptake of mice was changed after targeted disruption of mOct3. OCT3 is also expressed in smooth muscle, for example in smooth muscle of bronchial arteries, where it is involved in the uptake of norepinephrine that terminates sympathetic vasoconstriction (26) .
Recently, Sweet and coworkers proposed that OCT2 participates in the clearance of choline from the cerebrospinal fluid by the choroid plexus (27) . These authors observed that a fusion protein between green fluorescent protein (GFP) and rOCT2 was targeted to the luminal membrane of transfected epithelial cells in the choroid plexus, and that choline uptake by the choroid plexus was inhibited by inhibitors of OCTs.
The expression of OCT1 and OCT2 in the luminal membrane of ciliated epithelial cells, of OCT2 in the luminal membrane of the choroid plexus, and of OCT1 and OCT2 in the basolateral membrane of renal proximal tubules indicates tissue-dependent membrane targeting. This increases the possible physiologic roles of OCTs. Targeting to the luminal or basolateral membrane of epithelial cells in different tissues has been also demonstrated for other transporters such as the Na ϩ -d-glucose cotransporter SGLT1 (28) .
The data presented in this work clearly show that OCT1 and OCT2 are capable to mediate cellular efflux of ACh from cells. ACh efflux was demonstrated by electrical measurements using unphysiologic high intracellular ACh concentrations and by tracer flux measurements using intracellular ACh concentrations that were ‫ف‬ 6-fold lower than the ACh concentration measured in ciliated respiratory epithelia of rat (22) . Although we were not able to perform efflux measurements with the very low intracellular ACh concentration measured for human ciliated epithelial cells (22) , it is very likely that hOCT1 and hOCT2 mediate ACh release from human ciliated epithelial in vivo. Recent studies indicate that the functional properties of OCT2 are not described sufficiently well by a simple facilitated diffusion system for cations that operates in both directions as previously assumed (21) . We observed (1 ) that outward currents induced by cation efflux via rOCT2 at Ϫ50 mV were larger compared with inward currents induced by cation influx at Ϫ50 mV (12) , and (2) that the stoichiometry between the translocation of cations and electric charge by rOCT2 exhibited significant deviations from unity (B. M. Schmitt, P. Schlachtbauer, and H. Koepsell, unpublished data). Taken together, the mechanism for cation translocation by OCTs in either direction across the plasma membrane is still poorly understood. Site-directed mutagenesis in rOCT1 and modeling of the tertiary structure of rOCT1-using the crystal structure of lactose permease from Escherichia coli that belongs to the same superfamily as the OCTs-indicated that the OCTs contain binding regions with individual substrate binding sites that exhibit allosteric interactions, which may lead to drastic increase in affinity of distinct substrates (29) . Such allosteric interaction between endogeneous ligands and the ACh binding site may decrease the K M for the efflux of ACh.
Assuming electrogenic efflux of ACh by OCTs without coupling to efflux of anions or influx of other cations, a drop of at least 10-fold in ACh concentration from inside to outside is required to overcome a membrane potential of Ϫ60 mV according to the Nernst equation. This may be easily achievedlocally or temporarily-because extracellular ACh is rapidly degraded by acetylcholine esterase (AChE). In addition, electrogenic efflux of ACh from ciliated epithelial cells is facilitated by depolarization. Depolarization may be induced by choline uptake via the sodium-and chloride-dependent choline transporter CHT1 or via OCT transporters (6, 21) . Extracellular choline may also accelerate ACh efflux via OCT1 or OCT2 due to trans-stimulation of these transporters (21) . It is a challenge for future studies to investigate the OCT-mediated luminal efflux of ACh in vivo. It is also important to determine the ultrastructural distribution of OCT2 within the plasma membrane in relation to the ACh receptors, the AChE, and CHT1 because a close association of OCT2 with the receptor and a more distant localization of AChE would support the proposed coordinated functions.
In airway epithelial cells, the non-neuronal cholinergic system operates independently from the neuronal parasympathetic innervation that maintains a certain cholinergic tonus in smooth muscle cells and glands, and represents the efferent pathway of regulatory circuits (2, 9) . Airway epithelial cells express the ACh-synthesizing enzyme ChAT, the ACh-inactivating enzyme AChE, nicotinic and muscarinic acetylcholine receptors (30) , and the transporter CHT1, a sodium-and chloride-dependent high-affinity re-uptake system for choline (6) . The ciliated epithelial cells do not contain ACh-filled vesicles but are able to release ACh (9) . In rat, we showed that they also do not contain the vesicular ACh uptake system VAChT. We found that immunoreactivity of VAChT was restricted to goblet cells in rat bronchial epithelium. However, variations in the expression of VAChT in different species or during development cannot be excluded. In a recent paper, Proskocil and coworkers reported immunostaining of VAChT in the bronchial epithelium of newborn monkeys (31) . Unfortunately, the presented pictures do not allow the reader to distinguish between the localization of VAChT in ciliated versus goblet cells.
ACh released from epithelial cells has been shown to increase the proliferation rate of primary cultured bronchial epithelial cells and small cell lung carcinoma cells (2, 4) , to increase the ciliary beat frequency in dog bronchial mucosa via muscarinic ACh receptors (3, 32) , and to suppress net Na ϩ absorption in sheep tracheal epithelium (33) . In addition, ACh release from bronchial epithelial cells inhibits the discharge of mast cells (34) . On the other hand, the release of ACh from bronchial epithelial cells has been suggested to mediate bronchoconstriction following the release of serotonin from mast cells (35, 36) .
To elucidate whether the inhalation of the glucocorticoids during the treatment of asthma can lead to an inhibition of ACh release from bronchial epithelial cells, we investigated the interaction of beclomethasone, budesonide, and fluticasone with hOCT1 and hOCT2. Because previous experiments with OCT2 from rat revealed different affinities for the cis-inhibition of cation uptake versus trans-inhibition of cation efflux by corticosterone (16) , corticosterone and the three inhalational glucocorticoids were tested for inhibition of TEA uptake by hOCT1 and hOCT2 and for trans-inhibition of ACh-induced outward currents by hOCT2. Trans-inhibition was only investigated for hOCT2 because we routinely obtained five times higher electrical currents with this transporter than with hOCT1, and efflux measurements with radioactively labeled ACh are technically difficult. Importantly, we observed that corticosterone and budesonide inhibit ACh efflux by human OCT2 with a higher affinity compared with cation influx. At variance, micromolar concentrations of beclomethasone inhibited hOCT2-mediated cation influx but had no significant effect on ACh efflux. We found an IC 50 value of 2.7 M for the inhibition of ACh-induced outward currents by budesonide. Given this high affinity, it seems likely that inhalation of this compound will inhibit considerably the efflux of ACh from bronchial epithelial cells. Assuming that the typical single dose of budesonide ‫ف(‬ 0.5-1 mol) is dissolved within 100 ml of fluid and mucus covering bronchial epithelial cells, ACh efflux by the bronchial epithelial cells should be blocked by 60-80%. Inhibition of hOCT2 in the bronchial epithelium is supposed to reduce the bronchociliary clearance, to disinhibit mast cells, and to inhibit regeneration of the epithelial cells (9) .
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